Gigaspora margarita BEG 34. In this study, we extended our investigation to 11 fungal isolates obtained from different geographic areas and belonging to six different species of the family Gigasporaceae. With the exception of Gigaspora rosea, isolates of all of the AM species harbored bacteria, and their DNA could be PCR amplified with universal bacterial primers. Primers specific for the endosymbiotic bacteria of BEG 34 could also amplify spore DNA from four species. These specific primers were successfully used as probes for in situ hybridization of endobacteria in G. margarita spores. Neighbor-joining analysis of the 16S ribosomal DNA sequences obtained from isolates of Scutellospora persica, Scutellospora castanea, and G. margarita revealed a single, strongly supported branch nested in the genus Burkholderia.
Arbuscular mycorrhizal (AM) fungi are obligate biotrophs that belong to the order Glomales and develop in close relationship with the roots of about 80% of land plants. Fossil and molecular data have demonstrated that AM fungi are very ancient, dating back to 350 to 400 million years ago (28, 30) . The success of AM fungi in evolution is mainly due to their central role in the capture of nutrients from the soil (29) . Despite recent breakthroughs in our knowledge of the molecular basis of plant-fungus interactions (1, 12) , many aspects of the biology of AM fungi, particularly their genomes, are still obscure due to their biotrophic status, their multinuclear condition, and an unexpected level of genetic variability (13, 15, 17) .
A further level of complexity is due to the presence of cytoplasmic structures initially termed bacterium-like organisms (BLOs) that have been found in different AM fungal species (Glomus calidonium, Acaulospora laevis, Gigaspora margarita) by electron microscopy (7, 18, 21, 27) . A combined morphological and molecular approach has shown that BLOs in the spores of G. margarita (isolate BEG 34) are true bacteria (6) . Amplification of bacterial 16S RNA genes from total spore DNA followed by direct sequencing indicated a homogeneous bacterial population closely related to the genus Burkholderia (6) . Attempts to isolate and grow these endobacteria from spores have been unsuccessful so far.
To determine whether intracellular bacteria occur sporadically in individual AM fungal isolates or are a common feature in the family Gigasporaceae, we investigated using morphological and molecular approaches, two more isolates of G. margarita, derived from distant geographic areas, and nine isolates belonging to five other AM species in the genera Gigaspora and Scutellospora (Table 1) . Spores were picked with forceps, rinsed five times with sterile filtered distilled water, surface sterilized with 4% chloramine T and 0.04% streptomycin for 30 min, sonicated five times, and then rinsed five times (10 min each) with sterile filtered distilled water. To eliminate the possibility that contaminating bacteria were present on the fungal surface at the end of the sterilization procedure, spores from each of the isolates were stained with a Live/Dead BacLight bacterial viability kit (Molecular Probes) as previously described (6) and were observed without prior crushing. In all cases, the spore surface was completely free of bacterial contaminants ( Fig. 1a and b) .
Localization of endobacteria in AM fungal spores by fluorescence and in situ hybridization. Fungal cytoplasm was released by crushing spores between a microscope glass slide and a coverslip. Staining with the fluorescent BacLight dye showed that intracellular bacteria were present in 7 of 11 fungal isolates (Fig. 1) . The four isolates that did not contain bacteria all belonged to the species Gigaspora rosea (Fig. 1c) . The en- dobacteria mostly fluoresced as green, rod-shaped spots (Fig.  1d , e, f, and g), indicating that they were alive. The bacteria were less numerous in Scutellospora persica HC/F E28 than in the other S. persica isolate (Fig. 1f) . A very high number of endobacteria that were more round and smaller were found in the cytoplasm of Gigaspora gigantea (Fig. 1h) .
To confirm the identity and location of endobacteria in AM fungal spores, in situ hybridization experiments were performed with three isolates, G. margarita BEG 34 and WV 205A and G. rosea BEG 9. Oligonucleotide probes targeted to 16S rRNAs have been used successfully to detect and identify environmental nonculturable prokaryotes (3) and bacterial endosymbionts of insects (8, 9 ). The specific protocol described by Fukatsu et al. (9) using digoxigenin (DIG)-labelled probes was followed. A positive signal was obtained with G. margarita BEG 34 and WV 205A after hybridization with the oligonucleotide ribosomal DNA (rDNA) sequence BLOr, specifically designed for the bacterial endosymbiont of G. margarita BEG 34 (6) . Blue rod-shaped spots were especially visible when they grouped together close to the fungal lipid droplets (Fig. 2a) . spore sections from the same fungal isolates (Fig. 2b) . Similar signals were also obtained by using as a probe oligonucleotide EUB338 (2), designed to bind to bacterial 16S rDNA (data not shown). No signal was found in control experiments in which the DIG-labelled probe was omitted (Fig. 2c) . None of the probes gave hybridization signals in the cytoplasm of G. rosea (Fig. 2d) .
The in situ hybridization results provide important confirmation of the nature and topology of endobacteria in AM fungi. In fact, AM fungi and bacteria interact at different levels of cellular integration, ranging from apparently loose association through surface attachment to intimate and obligatory endosymbiosis (23) . Therefore, the simultaneous presence of bacteria outside and inside the fungal cell requires careful experimental procedures to make sure that PCR amplification is targeted to the endosymbiotic bacterial DNA. The development of in situ protocols should also result in an important tool for investigating bacterial functions related to the expression of specific genes, some of which have been already characterized in the endosymbiotic bacteria of G. margarita BEG 34 (25) .
Amplification of endobacterial 16S rDNA with universal and specific primers. For crude DNA preparation, 10 spore samples were surface decontaminated as described above. Extreme care was taken to avoid subsequent bacterial contamination, and all steps were carried out in a laminar flow hood.
DNA was extracted by the protocol described previously (17) . Two sets of primers were used: the universal eubacterial 704f-1495r primer pair and the BLOf-BLOr primer pair, specifically designed for the bacterial endosymbiont of G. margarita BEG 34 (6) . PCR amplifications were performed in a Hybaid Omnigene thermal cycler with the following parameters: 3 min at 95°C (one cycle); 45 s at 92°C, 45 s at 50°C, and 45 s at 72°C (40 cycles); and 5 min at 72°C (one cycle).
Universal bacterial primers 704f and 1495r were first used to investigate the presence of bacteria inside the AM fungal spores. These primers amplified a DNA fragment of the expected size (about 790 bp) from most isolates (Fig. 3a) Only the DNA in four G. rosea isolates could not be amplified with the universal bacterial primers, although their DNA were successfully amplified with primers for the fungal rDNA genes (data not shown). In addition, the DNA in G. rosea isolates and G. gigantea could not be amplified with primers BLOf and BLOr, whereas an amplified DNA fragment about 400 bp long was obtained from all other DNA samples (Fig. 3b) .
Endobacteria are not a sporadic phenomenon in the Gigasporaceae. Morphological and molecular analyses demonstrated the presence of endobacteria in the cytoplasm of five of six different fungal species in the genera Gigaspora and Scutellospora. Isolates belonging to the same species were found to be similar in terms of the presence or absence of endobacteria and bacterial number, shape, and 16S rDNA sequences, even when they were derived from distant geographic areas. This was well documented for G. rosea and G. margarita.
The Gigasporaceae comprise two genera and 33 species (http://invam.caf.wvu.edu/Myc_Info/Taxonomy), and our analysis is not representative of the whole family mainly due to difficulties in obtaining spore samples for all species. However, four of the five species in the genus Gigaspora were studied in this investigation. In this genus, different species could have quite distinct features. In Gigaspora, two extreme cases are G. margarita and G. rosea; the former harbors an estimated 250,000 bacteria per spore (6) , and the latter harbors none, as also reported by Hosny et al. (14) on the basis of PCR results. G. gigantea also contains endosymbiotic bacteria, but they are different from those found in other Gigaspora species both because of their round shape and because total spore DNA could not be amplified by the specific primers that amplified bacterial DNA from G. margarita and Gigaspora decipiens. These endobacteria are currently under investigation.
In Scutellospora, both species investigated contained rodshaped endobacteria whose 16S rDNA was amplified with the BLO primers, although some variability in bacterial number was found in the two isolates of S. persica. Successful amplification of bacterial DNA from Scutellospora castanea BEG 1 and Scutellospora gregaria by the BLO primers was reported by Hosny et al. (14) . The genus Scutellospora comprises almost 30 species, and analysis of a wider range of species is needed to elucidate if endobacteria are common in this genus.
Endobacterial phylogeny. Total spore DNA was amplified by using universal bacterial primers 27f and 1495r to obtain most of the 16S ribosomal gene. Amplified fragments about 1,500 bp long were obtained from S. persica HC/F E28 and HC/F E09, S. castanea BEG 1, and G. margarita WV 205A. They were cloned into the pGEM-T vector, and three different clones were sequenced for each isolate as described by Lanfranco et al. (17) . The 16S rDNA sequences obtained in this study were aligned with those of the G. margarita BEG 34 endobacteria (6) and of closely related bacterial species obtained through a BLAST search in which the endobacterial sequences were used as queries. All new sequences clustered together with the G. margarita BEG 34 endosymbiont (Fig. 4) in a single, well-supported branch. This endosymbiont was originally classified as a sister group of Burkholderia cepacia (6) in the beta subdivision of the division Proteobacteria (32) . A more recent comparison of the 16S rDNA sequences of Burkholderia strains has revealed a clear separation into two branches, and a number of species previously assigned to this genus have been reassigned to the genus Ralstonia (16, 33) . This taxonomic rearrangement, as well as identification of novel species of Burkholderia, has again raised basic questions concerning the taxonomic position of the endosymbiotic bacteria of the Gigasporaceae. The neighbor-joining tree in Fig. 4 suggests that the closest relatives of the endobacteria that have been sequenced are members of the genus Burkholderia, as they form a well-supported branch nested in this genus that is well separated from Ralstonia.
Some hypotheses concerning the establishment of symbiosis between AM fungi and their endobacteria. Intracellular symbioses raise fascinating questions about the acquisition of the endosymbionts, the transmission of the endosymbionts, and the evolution of reciprocal adaptations (10) . The presence of endobacteria or BLOs in all glomalean families suggests that the ability of AM fungi to establish this type of association appeared very early in evolution.
Margulis and Chapman (19) have discussed the importance of endosymbiosis as an evolutionary mechanism and distin- FIG. 4 . Neighbor-joining tree obtained from alignment of the 16S rDNA of the endosymbionts of G. margarita, S. castanea, and S. persica isolates with the closest bacterial sequences retrieved by a BLAST search. Sequences were aligned by using the ClustalX program (31) , and the alignment was edited with GeneDoc (22) . Neighbor-joining analysis was performed with the ClustalX program using Kimura's distance method. The branch comprising species in the genus Pseudomonas was used as an outgroup. Branches are shown only when the percentage of bootstrap support (1,000 trials) exceeded 70%.
guished between permanent and cyclical endosymbioses; the former remains stable over time, and the latter involves regular reassociation events. The type of relationship between AM fungi and their endobacteria remains an open question that will be more properly addressed by analysis of a wider range of species. However, the observations made so far with members of the Gigasporaceae suggest at least two possible and opposite scenarios.
Related endobacteria were found by sequencing DNA in different isolates belonging to the Gigasporaceae from very distant geographic areas. This situation may be the result of rare bacterial acquisition events during evolution, followed by strictly vertical transmission of endosymbionts (permanent symbiosis) through generations. The asexual reproduction typical of AM fungi and the coenocytic nature of the mycelium in the zygomycetes (26) are factors that could facilitate this type of transmission.
However, an alternative scenario can also be envisaged. The complex situation observed in the Gigasporaceae could be derived from more temporary but frequent associations of AM fungi with free-living soil bacteria (cyclical symbiosis), with AM fungal species selecting their bacterial symbionts from the environment. Different free-living Burkholderia species have been identified in the rhizosphere and the hyphosphere of AM fungi (4) and may represent a reservoir of potential endosymbionts for the AM species harboring this group of bacteria. A physical constraint that would make endocytosis, and thus acquisition of bacteria from the environment, a very rare event in fungi is the cell wall that surrounds the fungal hyphae. However, zygomycetes may represent a special case among fungi since Geosiphon pyriforme, a zygomycete which is ancestral to the Glomales (11) , is the only known fungus able to establish cyclical endosymbiotic associations with cyanobacteria (20) .
In conclusion, we demonstrated by sequencing that at least three different fungal species in the two genera of the Gigasporaceae harbor in their cytoplasm endosymbiotic bacteria related to each other and closely related to the genus Burkholderia. The occurrence of related endobacteria in different geographic isolates of the same AM fungal species may arise as a result of either permanent or cyclical endosymbiosis based on specific recognition mechanisms. The pattern of distribution of endobacteria in different AM species, together with the recent finding that isolates of G. margarita and G. rosea influence plant growth and plant mineral content to different extents (24) , raises intriguing questions about the biological role of these endosymbionts.
Nucleotide sequence accession numbers. The nucleotide sequences determined in this study have been deposited in the GeneBank database under accession numbers AJ251634 (S. persica HC/F E28), AJ251635 (S. persica HC/F E09), AJ251636 (S. castanea BEG 1), and AJ251633 (G. margarita WV 205A).
